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Inflammasomes are multiprotein complexes that recognize pathogens and pathogen- or danger-associated molecular patterns.
They induce the maturation and secretion of powerful proinflammatory interleukin-1B (IL-1�), IL-18, and IL-33 cytokines,
which in turn activate expression of other immune genes and lymphocyte recruitment to the site of primary infection, thereby
controlling invading pathogens. Inflammasomes are comprised of cytoplasmic sensor molecules, such as NLRP3 and AIM2 or
nuclear sensor IFI16, the adaptor protein ASC (apoptosis-associated speck-like protein containing CARD), and the effector pro-
tein procaspase-1. Herpes simplex virus 1 (HSV-1), a ubiquitous virus that infects humans and establishes life-long latency, has
evolved numerous mechanisms to evade host detection and immune responses. Here, we show that early during in vitro infec-
tion of human foreskin fibroblasts (2 to 4 h), HSV-1 induced the activation of the IFI16 and NLRP3 inflammasomes and matura-
tion of IL-1�. Independent of viral gene expression, IFI16 recognized the HSV-1 genome in infected cell nuclei, relocalized, and
colocalized with ASC in the cytoplasm. However, HSV-1 specifically targeted IFI16 for rapid proteasomic degradation at later
times postinfection, which was dependent on the expression of ICP0, an immediate early protein of HSV-1. In contrast, NLRP3,
AIM2, and ASC levels were not decreased. Also, caspase-1 was “trapped” in actin clusters at later time points that likely blocked
the NLRP3/IFI16 inflammasome activity. In addition, the secretion of mature IL-1� was inhibited. These results suggest that
though the host cell responds to HSV-1 infection by IFI16 and NLRP3 inflammasomes early during infection, HSV-1 has evolved
mechanisms to shut down these responses to evade the proinflammatory consequences.

The inflammasome is a multiprotein proinflammatory complex
that is an important bridge between the innate and adaptive

immune responses. Inflammasome complexes assemble after rec-
ognition of pathogen- or danger-associated molecular patterns
(PAMPs or DAMPs, respectively) and include the adaptor mole-
cule apoptosis-associated speck-like protein containing a caspase
activation and recruitment domain (CARD, or ASC, for apopto-
sis-associated speck-like protein containing CARD), the effector
molecule procaspase-1, and a sensor protein, which varies to con-
fer specificity. Inflammasome sensor proteins associate with ASC
via interactions through their respective pyrin domains (PYDs),
and ASC interacts with caspase-1 via CARD-CARD interactions.
The sensor proteins that have been described to recognize viral
stimuli thus far include nucleotide binding and oligomerization
domain (NOD)-like receptor family pyrin domain-containing 3
(NLRP3, also called NALP3), absent in melanoma 2 (AIM2), and
gamma interferon-inducible protein 16 (IFI16) (reviewed in ref-
erence 1). Activation of the inflammasome complex results in the
autoproteolytic cleavage of procaspase-1, which in turn cleaves
prointerleukin-1� (pro-IL-1�), pro-IL-18, and pro-IL-33 (2).
Mature, secreted IL-1�, IL-18, and IL-33 mediate inflammatory
responses by activating lymphocytes and facilitating their infiltra-
tion to the site of primary infection and by inducing expression of
interferon (IFN) and other proinflammatory cytokines (3, 4).

The NLRP3 inflammasome has been the most widely studied,
possibly due to the breadth of activating stimuli: infection with
DNA and RNA viruses such as encephalomyocarditis virus
(EMCV), vaccinia virus, influenza A virus, and adenovirus (5–8);
the generation of reactive oxygen species (ROS); cation flux; fun-
gal infection; and exposure to particulate matter, including uric
acid, silica, aluminum salts, and asbestos (9–11). Activation of the
NLRP3 inflammasome occurs through a two-step model: (i) tran-

scriptional activation to produce autorepressed cytoplasmic
NLRP3 protein and (ii) activation, which involves sensing of cy-
toplasmic cellular stress followed by multimerization and inflam-
masome assembly. The mechanisms of the second step of NLRP3
inflammasome activation are unknown as of yet (12). Because of
the range of stimuli that activate the NLRP3 inflammasome, it is
hypothesized that NLRP3 does not directly recognize all of its
agonists but, instead, senses a change or changes in its direct en-
vironment that is a shared result of the stimuli (12). One such
shared stimulus may be ROS, which are induced by fungal infec-
tion (13), by infection with influenza virus (14), adenovirus (15),
or EMCV (16), and by exposure to silica (17).

Human hematopoietic interferon-inducible nuclear proteins
with a 200-amino-acid repeat (HIN200) domain-containing pro-
teins, AIM2, IFI16, Marek’s disease virus nuclear antigen
(MDNA), and IFIX have long been known to be transcriptional
regulators involved in apoptosis, autoimmunity, and cell cycle
regulation and differentiation (18–23). Recently, a role in micro-
bial DNA sensing has been appreciated for AIM2 and IFI16. Both
contain pyrin and HIN domains (PYHINs); they can associate
with ASC through their pyrin domains and with DNA through
their HIN200 domains. Like NLRP3, AIM2 and IFI16 exist in an
autorepressed state (24) until stimulation by DNA binding. IFI16
is predominantly nuclear though it has been shown to translocate
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to the cytoplasm following recognition of some stimuli (19, 25,
26), while AIM2 is usually cytoplasmic (19). AIM2 was the first
member of the family discovered to have role in the inflam-
masome response: the AIM2 inflammasome is activated in the
presence of cytosolic, transfected, or microbial DNA (27–29).

It was widely believed that the intracellular innate response to
viral DNA was largely restricted to the cytoplasm. However, our
recent studies showed that IFI16 acts as a nuclear sensor molecule
for inflammasome activation during Kaposi’s sarcoma-associated
herpesvirus (KSHV) infection (25). Unlike alpha- and betaher-
pesvirus infections, in vitro KSHV primary infection of adherent
target cells and THP-1 cells does not result in a productive lytic
cycle and progeny viral particle formation. Instead, the virus en-
ters into latency with limited viral gene expression. After primary
infection of human microvascular dermal endothelial cells (HM-
VEC-d) with KSHV, IFI16 recognized the KSHV genome and in-
teracted with ASC in the nucleus and cytoplasm, resulting in
caspase-1 and IL-1� activation (25).

Herpes simplex virus 1 (HSV-1) is a ubiquitous (30) and highly
contagious virus that causes a productive infection in many cell
types in vitro, in which over 80 gene products are expressed.
HSV-1 also establishes a latent infection in the trigeminal ganglia
of host organisms, from which it can be periodically reactivated
for recurrent lesions at the site of primary infection (31). Like the
KSHV genome, the HSV-1 genome is quickly delivered to the
nuclei of infected cells, where gene expression and replication oc-
cur (31). HSV-1 has evolved several mechanisms to evade the host
innate immune responses, including the prevention of interferon
(IFN) response factor 3 (IRF3) activation by the HSV-1 immedi-
ate-early protein ICP0 (32–34), inhibition of type I IFN signaling
by ICP27 (35–37), and the counteracting of PKR activity by �134.5
(38). In two recent studies, HSV-1 induction of IFN-� expression
in human foreskin fibroblast (HFF) cells (34) and CCL3 and
CXCL10 expression in monocyte-derived macrophages (39) were
shown to occur via IFI16 recognition. However, neither study
addressed inflammasome induction.

Our studies with KSHV demonstrating the activation of the
IFI16 inflammasome (25) suggested that other herpesviruses
might similarly induce inflammasome activation. Previously,
HSV-1 infection has been shown to stimulate IL-1� maturation
(40). Earlier reports also suggested that IL-1�, IL-18, and IFI16
were effective restriction factors for HSV-1 infection (41–43). In
this study, we set out to determine (i) whether the host cell re-
sponds to HSV-1 infection through inflammasome activation, (ii)
the identity of the sensor(s), and (iii) the downstream effects. Our
comprehensive studies, for the first time, report that though in
vitro HSV-1 infection of HFF cells induces the activation of the
IFI16 and NLRP3 inflammasomes early during infection, HSV-1
subsequently stimulates a selective degradation of IFI16 and sup-
pression of the NLRP3 inflammasome.

MATERIALS AND METHODS
Cells and viruses. Human foreskin fibroblasts (HFF cells; American Type
Culture Collection, ATCC Manassas, VA) were grown in Dulbecco’s
modified Eagle Medium (DMEM) supplemented with Glutamax (Gibco,
Grand Island, NY), 10% fetal bovine serum (FBS; Atlanta Biologicals,
Lawrenceville, GA), and 1% penicillin/streptomycin (Gibco, Grand Is-
land, NY). They were routinely tested for mycoplasma using a Mycoalert
kit (Lonza, NJ), according to the manufacturer’s instructions, and were
found to be negative. KOS strain HSV-1 was propagated, and titers were
determined by plaque assay on Vero cells, as described previously (44).

DNA copy number was determined using quantitative real-time PCR
with primers for gB (forward primer, 5=-TGTGTACATGTCCCCGTTTT
ACG-3=; reverse primer, 5=-ACACCAGCTACGCCGCC-3=). The mutant
d106 and d109 HSV-1 viruses were a generous gift from Neal DeLuca
(University of Pittsburgh) (45). Purification of KSHV from BCBL-1 cells
and determination of copy number were carried out as described previ-
ously (46, 47).

Virus infection. HFF cells were incubated with HSV-1 (multiplicity of
infection [MOI] of 1 PFU/cell, approximately 25 HSV-1 genome copies/
cell) or KSHV (30 KSHV genome copies/cell) for 2 h in serum-free
DMEM, washed with phosphate-buffered saline (PBS), and incubated in
DMEM supplemented with 2% FBS until the times indicated in the fig-
ures.

Antibodies. The following antibodies were used in Western blotting
and immunofluorescence analysis: anti-IFI16 and total caspase-1 (Santa
Cruz Biotechnology, Inc., Santa Cruz, CA); Rab27a, TATA binding pro-
tein (TBP), and AIM2 (Abcam, Cambridge, MA); IL-1� (Cell Signaling
Technology, Beverly, MA; Millipore, Billerica, MA); NLRP3 (Enzo Life
Sciences, Farmingdale, NY); ASC (MBL Laboratories, Woods Hole, MA);
ICP0 (Virusys, Taneytown, MD); actin and tubulin (Sigma, St. Louis,
MO); or HSV-1 (48). Rabbit anti-IFI16 was a generous gift from Santo
Landolfo (University of Turin), and the J17 ICP0 antibody was a generous
gift from David Davido (University of Kansas, Lawrence, KS).

Immunoprecipitations. Cells were washed with PBS, lysed in radio-
immunoprecipitation assay (RIPA) buffer supplemented with protease
inhibitor cocktail (Sigma, St. Louis, MO), sonicated, clarified by centrif-
ugation, and normalized to equal amounts of total protein. The lysate was
precleared by incubation with protein G-Sepharose beads (GE Healthcare
Life Sciences, Buckinghamshire, United Kingdom) for 20 min. Precleared
lysates were incubated overnight with anti-ASC and protein G-Sepharose
beads. Beads were washed three times with PBS and subjected to Western
blot analysis, as described below.

Western blotting. Cells were lysed in RIPA buffer supplemented with
protease inhibitor cocktail (Sigma, St. Louis, MO), sonicated, and clari-
fied by centrifugation at 16,000 � g for 10 min before separation by SDS-
PAGE. Equal amounts of protein were electrophoretically transferred to
nitrocellulose membranes and incubated with primary antibodies and
secondary antibodies conjugated to horseradish peroxidase (KPL, Gaith-
ersburg, MD). Immunoreactive bands were visualized using ECL Western
blotting substrate (Pierce, Rockford, IL).

Nuclear and cytoplasmic extract preparation. Extracts were pre-
pared with a nuclear extract kit (Active Motif, Carlsbad, CA), as described
previously (25). Antibodies to TBP and actin were used to determine
extract purity.

Immunofluorescence. Cells were fixed in 4% paraformaldehyde, per-
meabilized in 0.2% Triton X-100, and blocked with Image-IT (Life Tech-
nologies, Grand Island, NY) before being stained with primary antibodies
and Alexa Fluor-conjugated secondary antibodies (Life Technologies,
Grand Island, NY). Actin was visualized using Alexa Fluor-conjugated
phalloidin. Nuclei were stained with 4=,6=-diamidino-2-phenylindole
(DAPI). Cells were imaged using a Nikon Eclipse 80i fluorescence micro-
scope and Metamorph software (Molecular Devices, Silicon Valley, CA).

Fluorescence in situ hybridization (FISH). Cells were stained with
antibodies against IFI16 as above, fixed again with 3% paraformaldehyde
for 10 min, permeabilized in 0.2% Triton X-100 for 5 min, and treated
with 0.1 M Tris-HCl (pH 7.0) for 2 min and with 2� SSC (1� SSC is 0.15
M NaCl plus 0.015 M sodium citrate) twice for 2 min. DNA was denatured
by incubation in 70% formamide in 2� SSC at 70°C for 2 min; samples
were then washed and dehydrated in increasing concentrations of etha-
nol. In situ hybridization was performed using a biotinylated HSV-1 bio-
probe (Enzo Life Sciences, Farmingdale, NY) in cDenhyb hybridization
solution (Insitus Biotechnologies, Albuquerque, NM) at 37°C overnight
in a humid chamber. Cells were washed with 2� SSC and probed with
Alexa Fluor-conjugated streptavidin (Life Technologies, Grand Island,
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NY). Nuclei were stained with DAPI. Cells were imaged as described
above.

RESULTS
HSV-1 transiently induces inflammasome activation early dur-
ing infection. To determine whether the host cell responds to
HSV-1 infection by inflammasome activation, HFF cells were
mock infected or infected with HSV-1 at an MOI of 1 PFU/cell
(approximately 25 DNA copies/cell) for different time periods, as
indicated in Fig. 1. We observed the induction of procaspase-1
cleavage to active caspase-1 as early as 4 h postinfection (h p.i.)
(Fig. 1A, lanes 2 and 3). Maximal cleavage was detected at 8 h p.i.
(Fig. 1A, lane 4) and was reduced at 24 h p.i. (Fig. 1A, lane 5).
Procaspase-1 levels increased moderately up to 8 h p.i., and the
dramatic decrease observed at 24 h p.i. could be due to cell death.
HSV-1 infection induced pro-IL-1� levels at 8 h p.i. (Fig. 1B, lane
4) and cleavage of pro-IL-1� to mature IL-1� at 2 h p.i., peaking at
4 h p.i. (Fig. 1B, lanes 2 to 4). These results are consistent with the
earlier observation that MacIntire strain HSV-1 infection induced
the maturation of IL-1� and caspase-1 in THP-1 cells (40).

Secretion of IL-1� is an important outcome of inflammasome
activation that leads to NF-�B activation and the expression of
proinflammatory cytokines. We next determined whether IL-1�
is secreted following HSV-1 infection. Though intracellular IL-1�
levels appeared to be somewhat elevated following infection (Fig.
1B), the secreted levels were too close to the detection threshold in
our assays to be conclusive (data not shown). Because IL-1� is
secreted from cells through exolysosomes (49), we examined the
association of IL-1� with Rab27a, a marker for exosomes and

secretory lysosomes (50), by immunofluorescence. In mock-in-
fected cells there was minimal staining for both Rab27a and IL-1�
and little, if any, colocalization (Fig. 1C, a-d). After 2 h of HSV-1
infection we detected significant colocalization of IL-1� with
Rab27a (Fig. 1C, frames e to h, red arrows). However, though we
detected elevated IL-1� as evidenced by the numerous punctate
spots at 8 h p.i. in the cytoplasm of infected cells (Fig. 1C, frames i
to l, white arrows), they were not associated with Rab27a, which
was relocalized to the perinuclear region (Fig. 1C, frames i to l,
yellow arrows). Because these analyses suggested that Rab27a lev-
els increase following HSV-1 infection, we performed Western
blot analysis. Indeed, Rab27a levels increased over the course of 8
h of HSV-1 infection (Fig. 1D). These data demonstrated that
though HSV-1 primary infection of HFF cells induces the activa-
tion of an inflammasome complex early during infection, it pre-
vents IL-1� from being secreted to detectable levels.

HSV-1 infection induces association of adaptor ASC mole-
cules with sensor proteins IFI16 and NLRP3. Inflammasome
complexes assemble in response to pathogen infection, cation
flux, or ROS generation. This complex is made of a sensor mole-
cule (NLRP1, NLRP3, NLRC4, AIM2, or IFI16), an adaptor mol-
ecule (ASC), and an effector molecule (procaspase-1) (1). Existing
evidence suggests that HSV-1 may activate a number of inflam-
masome sensor proteins. HSV-1 infection has been shown to gen-
erate elevated ROS levels (51), which in unrelated studies were
shown to activate the NLRP3 inflammasome (9, 10). Overex-
pressed IFI16 has also been shown to associate with HSV-1 DNA
and translocate into the cytoplasm (26). IFI16 has been shown to

FIG 1 HSV-1 infection induces the inflammasome early during infection. (A) HSV-1 infection induces the cleavage of caspase 1. HFF cells were mock infected
or infected with HSV-1 (1 PFU/cell; 25 HSV-1 DNA copies/cell) and harvested at the times indicated. Western blot analysis was done with antibodies against
procaspase-1 and cleaved caspase-1. Actin was used as a loading control. (B) HSV-1 infection causes the cleavage of IL-1�. HFF cells were mock infected or
infected with HSV-1 and harvested at the times indicated. Western blot analysis was done with antibodies to total IL-1� and cleaved IL-1�. (C) HSV-1 infection
induces transient colocalization of IL-1� with Rab27a. HFF cells were mock infected or infected with HSV-1 as indicated. Immunofluorescence analysis was done
with antibodies to Rab27a (red) and IL-1� (green). Red arrows indicate colocalization between Rab27a and IL-1�, white arrows indicate IL-1� puncta with no
Rab27a, and yellow arrows show Rab27a in the absence of IL-1�. (D) HSV-1 infection does not cause degradation of Rab27a. HFF cells were mock infected or
infected with HSV-1 for the indicated time points, and total cell lysates were analyzed by Western blotting with antibodies against Rab27a and actin. The bands
were analyzed as fold induction of Rab27a calculated by considering the uninfected cell level as 1 with actin as a loading control. UI, uninfected.
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recognize HSV-1 infection and activate IRF3 to stimulate IFN-�
expression (34, 52). Finally, AIM2 has been shown to be a DNA
sensor for inflammasome activation in response to the presence of
foreign cytoplasmic DNA (53) and therefore may play a role in the
induction of inflammasome activation by HSV-1 infection.

To determine the sensor protein(s) responsible for inflam-
masome activation during HSV-1 infection, mock-infected or
HSV-1-infected HFF cells were immunoprecipitated with ASC
antibodies at different times p.i. IFI16 and NLRP3 coprecipitated
with ASC only at 4 h p.i. but not in uninfected cells or at later time
points of infection (Fig. 2A, top two panels, lane 3). Interestingly,
total IFI16 protein increased at early times p.i. (Fig. 2A, fourth
panel, lanes 2 and 3) and then decreased dramatically at 8 h p.i.
(Fig. 2A, fourth panel, lane 4). In contrast to IFI16, total NLRP3
levels continually increased beginning at 4 h p.i. (Fig. 2A, fifth
panel, lanes 3 and 4). There was no coprecipitation of AIM2 with
ASC at any of the times tested (Fig. 2A, third panel), and the total
levels of AIM2 and ASC remained unchanged throughout the
course of infection (Fig. 2A, sixth and seventh panels). These re-
sults suggested that IFI16 and NLRP3 act as sensor proteins early

during HSV-1 infection of HFF cells. These results also demon-
strated that HSV-1 infection induces the reduction in IFI16 levels
and induction in NLRP3 levels at 8 h p.i.

HSV-1 infection induces subcellular redistribution of IFI16.
IFI16 is typically localized to the nucleus (28) but translocates to
the cytoplasm in association with ASC following KSHV infection
of endothelial cells (25). To determine the subcellular localization
of IFI16 following infection with HSV-1, HFF cells were mock
infected or infected with HSV-1 and fractionated to nuclear and
cytoplasmic components. The purity of nuclear fractions was
monitored by Western blotting for TATA binding protein (TBP)
(Fig. 2B). In mock-infected cells, IFI16 was exclusively nuclear
(Fig. 2B, lanes 1 and 5). However, at 2 to 4 h p.i., IFI16 was also
detected in appreciable levels in the cytoplasm of HSV-1 infected
cells (Fig. 2B, lanes 2 and 3). At 8 h p.i., IFI16 levels decreased
dramatically in both the nuclei and cytoplasm of infected cells
(Fig. 2B, lanes 4 and 8). These results demonstrated that HSV-1
induces the cytoplasmic translocation of IFI16 early during infec-
tion.

To confirm association of IFI16 and ASC and to determine the
subcellular compartment in which this association takes place, we
performed immunofluorescence assays on HFF cells that were
mock infected or infected with HSV-1, as indicated in Fig. 3. In
mock-infected cells ASC was predominantly cytoplasmic, and
IFI16 was exclusively nuclear, as expected, with no colocalization
(Fig. 3a to c). In contrast, at 4 h p.i., IFI16 and ASC colocalized in
punctate spots, largely in the cytoplasm, such that nearly all cyto-
plasmic IFI16 colocalized with ASC (Fig. 3d to f, arrows). At 8 h
p.i., consistent with the Western blot data in Fig. 2, IFI16 staining
was lost but there was no appreciable change in ASC staining (Fig.
3g to i).

To confirm the HSV-induced association of ASC with NLRP3,
immunofluorescence assays were performed. In mock-infected

FIG 2 HSV-1 infection induces IFI16-dependent inflammasome activation
early during infection. (A) HSV-1 infection induces the association of IFI16
with ASC. HFF cells were mock infected or infected with HSV-1, as indicated.
ASC was immunoprecipitated IP) from the lysates. Western blot (WB) analysis
of ASC immunoprecipitates was done for IFI16, NLRP3, and AIM2. Whole-
cell lysates (WCL) were probed for IFI16, NLRP3, AIM2, ASC, and actin. (B)
IFI16 accumulates in the cytoplasm of HSV-1-infected cells at early points
postinfection. HFF cells were mock infected or infected with HSV-1 as indi-
cated and separated into nuclear and cytoplasmic fractions before SDS-PAGE.
Western blot analysis was done for IFI16, TBP, and actin.

FIG 3 IFI16 colocalizes with ASC at early points postinfection with HSV-1.
HFF cells were mock infected or infected with HSV-1 (1 PFU/cell) as indicated.
Immunofluorescence analysis was done with antibodies to IFI16 (red) and
ASC (green). Cell nuclei were visualized by DAPI staining (blue). Arrows in-
dicate colocalization between IFI16 and ASC. Magnification, �40.
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cells, NLRP3 levels were low, as expected from the Western blot
analysis (Fig. 2), and there was little detectable colocalization with
ASC (Fig. 4a to c). At 4 to 8 h p.i., NLRP3 levels increased (Fig. 4d
and g), consistent with the Western blot analysis. In addition, at 4
h p.i., ASC and NLRP3 colocalized in punctate spots (Fig. 4f).
However, there were fewer NLRP3/ASC colocalization spots than
IFI16/ASC spots (Fig. 3). The loss of the ASC-NLRP3 interaction
at late times postinfection (Fig. 2A) is accompanied by reduced
colocalization of the two proteins (Fig. 4). Taken together, these
data demonstrated that HSV-1 infection induces the transient ac-
tivation of inflammasome complexes involving IFI16 and NLRP3
and a selective reduction in IFI16 levels.

The HSV-1 genome colocalizes with IFI16. Though IFI16 has
been shown to interact with HSV-1 DNA in two recent studies, the
authors of these studies used overexpressed IFI16 or a transfected
60-mer DNA sequence from the HSV-1 genome to detect the in-
teraction (26, 52, 54). To determine if endogenous IFI16 interacts
with HSV-1 DNA in the more physiological setting of infection,
HFF cells were mock infected or infected with HSV-1 for 1 h.
Immunofluorescence analysis was performed with IFI16 anti-
body, and FISH analysis was performed with a probe for the
HSV-1 genome. In mock-infected cells, IFI16 was localized
throughout the nucleus (Fig. 5a to c). After HSV-1 infection, nu-
clear IFI16 was enriched in distinct spots, and some IFI16 was also
detected in the cytoplasm. The nuclear IFI16-enriched spots colo-
calized with the HSV-1 genome in the nuclei of infected cells at 1
h p.i. (Fig. 5d to f, arrows). This suggested that endogenous IFI16
associates with the HSV-1 genome early during primary infection
of HFF cells.

HSV-1 protein expression is not necessary for association of
IFI16 and ASC. To determine if viral gene expression is necessary
for the observed association of IFI16 and ASC, HFF cells were
mock infected or infected with the d106 or d109 mutant virus,
which expresses only ICP0 or no immediate-early viral protein,
respectively (45), or with wild-type (wt) HSV-1 at an MOI of 1

PFU/cell for 4 h, and lysates were immunoprecipitated for ASC. In
mock-infected cells, ASC and IFI16 did not coprecipitate (Fig. 6A,
top panel, lane 1). In contrast, IFI16 associated with ASC after
infection not only with wt HSV-1 but also with the mutant d106 or
d109 virus (Fig. 6A, top panel, lanes 2 to 4). ASC levels remained
fairly constant, regardless of infection (Fig. 6A). These results
demonstrated that HSV-1 induced IFI16 and ASC to interact, in-
dependent of viral gene expression (Fig. 6A).

To determine whether a functional inflammasome is activated
under these conditions, we probed the same lysates for IL-1�
cleavage. Total pro-IL-1� levels were fairly constant, regardless of
infection (Fig. 6A, pro-IL-1�), and cleaved IL-1� was present in
cells infected with wt, d106, or d109 (Fig. 6A, IL-1�, lanes 2 to 4).
Taken together, these results indicated that HSV-1 induction of
inflammasome activation and the interaction of IFI16 and ASC
are not dependent on viral gene expression.

To confirm the immunoprecipitation experiment of IFI16 as-
sociation with ASC and to determine the subcellular localization
of the interaction during the mutant HSV-1 virus infection, HFF
cells were infected with wt HSV-1, d106, or d109 at an MOI of 1
PFU/cell for 4 h, and immunofluorescence assays were performed.
As shown in Fig. 3, infection with wt HSV-1 induced translocation
of IFI16 to the cytoplasm and association with ASC in punctate
spots (Fig. 6B, frames a to d). Infection with either mutant virus
also induced translocation of IFI16 to the cytoplasm and colocal-
ization of cytoplasmic IFI16 with ASC (Fig. 6B, frames e to l,
arrows), suggesting that the HSV-1 genome is sufficient to cause
the association of IFI16 and ASC and activation of the inflam-
masome.

HSV-1 infection induces degradation of IFI16. Western blot
analysis of IFI16 after HSV-1 infection demonstrated decreased
IFI16 levels at later times p.i. (Fig. 2). To confirm the HSV-1-
induced decrease in IFI16, we mock infected or infected HFF cells
with HSV-1 and performed immunofluorescence assays with an-
tibodies against HSV-1-infected cell extracts and against IFI16.
Mock-infected cells had high levels IFI16 staining throughout the
nucleus (Fig. 7a and b, yellow arrows). In contrast, after 8 h of
infection with HSV-1, the IFI16 levels had decreased dramatically,

FIG 4 NLRP3 transiently colocalizes with ASC at early points postinfection
with HSV-1. HFF cells were mock infected or infected with HSV-1 for the
indicated time points. Immunofluorescence analysis was done with antibodies
to NLRP3 and ASC. Red arrows indicate colocalization between NLRP3 and
ASC, and white arrows indicate NLRP3 alone. Cell nuclei were visualized by
DAPI staining (blue). Magnification, �40.

FIG 5 The HSV-1 genome is recognized by IFI16. IFI16 colocalizes with IFI16
after HSV-1 infection. HFF cells were mock infected or infected with HSV-1 (1
PFU/cell) for 1 h. Immunofluorescence analysis with an antibody to IFI16
(red) and FISH with a probe to the HSV-1 genome (green) were performed.
Cell nuclei were visualized by DAPI staining (blue). Yellow arrows point to the
colocalization of the HSV-1 genome and IFI16. Magnification, �40.
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particularly in cells that were beginning to demonstrate HSV-1
staining (Fig. 7c and d, red arrows) but were still present at high
levels in cells that were not HSV-1 positive (Fig. 7c, yellow arrow).
However, by 24 h p.i., HSV-1-positive cells showed little to no
IFI16 staining (Fig. 7e and f, red arrows), but uninfected cells in
the same field still had elevated IFI16 levels (Fig. 7e and f, yellow
arrows). These results along with the Western blot data showing
loss of IFI16 at late times postinfection (Fig. 2) clearly demon-
strated that HSV-1 infection causes decreased IFI16 levels.
Though cell death may contribute to the decreased IFI16 levels at
24 h p.i., the loss of IFI16 apparent by Western blotting at 8 h p.i.
(Fig. 2) and the presence of other cellular proteins such as NLRP3,
ASC, caspase-1, and AIM2 suggest that IFI16 is specifically tar-
geted.

While the manuscript was being prepared, another study was
published in which the authors examined the effects of the HSV-1
mutant viruses d106 and d109 on the IFI16-dependent induction
of IFN-�. This study confirmed our results showing IFI16 degrada-
tion following infection with HSV-1 in an ICP0-dependent manner
(34). To confirm their findings regarding the degradation of IFI16, to
compare the mutant viruses they used with wt HSV-1 infection, and
to determine the kinetics of degradation, we mock infected or in-
fected HFF cells with wt HSV-1, d106, or d109. IFI16 levels decreased
at 8 h p.i. in wt- and d106-infected cells (Fig. 8A, lanes 1 to 7). How-
ever, consistent with the previous report, IFI16 was stable over the
course of infection with d109 (Fig. 8A, lanes 8 to 10). As a control,
Western blot analysis of actin expression is shown (Fig, 8A). These
results confirm a role for ICP0 in IFI16 degradation.

FIG 6 Viral gene expression is not required for HSV-1-induced association of IFI16 and ASC. HFF cells were mock infected or infected with wt HSV-1 or the
mutants d106 and d109 (1 PFU/cell) for 4 h. (A) Immunoprecipitation was done using an ASC antibody; Western blot analysis was done for IFI16. Total cell lysate
was subjected to Western blotting and probed for IFI16, ASC, pro-IL-1�, IL-1�, and actin. (B) Immunofluorescence was done with anti-IFI16 (red) and -ASC
(green) antibodies. Cell nuclei were visualized by DAPI staining (blue). Arrows indicate colocalization between IFI16 and ASC. Magnification, �40.
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HSV-1 infection induces IFI16 degradation in an ICP0- and
proteasome-dependent manner. ICP0 is an E3 ubiquitin ligase
that ubiquitinates several proteins via its RING finger domain,
including PML, sp100, DNA-dependent protein kinase (DNA-
PK), cellular ubiquitin ligases RNF8 and RNF168, and centro-
meric protein CENP-C (55–60). Orzalli et al. (34) showed that the
degradation of IFI16 by HSV-1 is dependent on the RING-finger
domain of ICP0, which contains its E3 ubiquitin ligase activity. To
confirm that the HSV-1-induced degradation of IFI16 occurs via
the proteasome, we mock infected or infected HFF cells in the
presence or absence of the proteasome inhibitor MG132 for 8 h. In
the absence of MG132, IFI16 was degraded at 8 h p.i. with HSV-1
(Fig. 8B, IFI16, lanes 1 and 2). In the presence of MG132, IFI16
levels remained constant through 8 h p.i., suggesting that the pro-
teasome is important in the degradation of IFI16 (Fig. 8B, IFI16,
lanes 3 and 4).

The proteasome has been shown to be involved in HSV-1 entry
(61) and ICP0 expression (62). To ensure that viral protein ex-
pression, including that of ICP0, was present in the MG132-
treated samples, Western blot analysis was done with antibodies
against ICP0 and against HSV-1-infected cell lysates. ICP0 was
present at higher levels in MG132-treated cells (Fig. 8B, ICP0, lane
4) than in untreated cells (Fig. 8B, ICP0, lane 2). Though some
viral proteins were at lower levels in the presence of MG132, sev-
eral appeared to be at similar levels (Fig. 8B; compare HSV-1 lanes
2 and 4).

To determine if IFI16 is ubiquitinated, HFF cells were mock
infected or infected with HSV-1 in the presence of MG132 and
immunoprecipitated with IFI16 antibody. Western blot analysis
with an antibody against ubiquitin shows that IFI16 is increasingly
ubiquitinated, beginning at 2 to 4 h p.i. (Fig. 8C, top and middle
panels, lanes 2 to 4). Taken together, these data confirm that IFI16

is degraded during HSV-1 infection in an ICP0- and proteasome-
dependent manner.

HSV-1 ICP0 colocalizes with IFI16 in the infected-cell nuclei
and cytoplasm. To further confirm the role of ICP0 in IFI16 deg-
radation, mock-infected cells or HFF cells infected with HSV-1 for
2 and 4 h p.i. were examined for the cellular localization of IFI16
and ICP0 by immunofluorescence assay (Fig. 9). In mock-infected
cells IFI16 was detected throughout the nucleus (Fig. 9a, c, and d).
At 2 h p.i., IFI16 and ICP0 colocalized in small puncta in the
cytoplasm and nuclei of infected cells (Fig. 9e to h, white arrows),
which became larger and less numerous at 4 h p.i. (Fig. 9i to l,
white arrows). To determine if ICP0 and IFI16 physically interact
with each other, we performed immunoprecipitation assays with
antibodies to IFI16 and ICP0 and Western blot analysis for each.
No interaction was detected under the conditions used (data not
shown). These results suggested that IFI16 and ICP0 interact tran-
siently directly or indirectly, resulting in the degradation of IFI16.

Caspase-1 associates with actin clusters in HSV-1-infected
cells. NLRP3 expression increases over the course of infection, but
its association with ASC is transient (Fig. 2). It is interesting that

FIG 7 HSV-1 infection induces degradation of IFI16. HFF cells were mock
infected or infected with HSV-1, as indicated. Immunofluorescence analysis
was done with antibodies against IFI16 (red) and HSV-1 (green). Cell nuclei
were visualized by DAPI staining (blue). Yellow arrows indicate nuclear IFI16
in uninfected cells. Red arrows indicate IFI16 degradation in HSV-1-infected
cells. Magnification, �40.

FIG 8 HSV-1 infection induces proteasomal degradation of IFI16 in an ICP0-
dependent manner. (A) ICP0 is necessary to induce IFI16 degradation. HFF
cells were mock infected or infected with wt HSV-1, d106, or d109 (1 PFU/cell)
as indicated. Total cell lysates were analyzed by Western blotting with antibod-
ies to IFI16, ICP0, and actin. (B) IFI16 is proteasomally degraded during
HSV-1 infection. HFF cells were mock infected or infected with wt HSV-1 in
the presence or absence of 5 �M MG132, added at 1 h p.i., as indicated.
Western blot analysis was done with antibodies to IFI16, ICP0, HSV-1-in-
fected cell lysate, and actin. (C) IFI16 is ubiquitinated during HSV-1 infection.
HFF cells were mock infected or infected with wt HSV-1 in the presence of 5
�M MG132 added at 1 h p.i. and immunoprecipitated with IFI16 antibody.
Western blot analysis was done on immunoprecipitated samples for ubiquitin
(Ub) and on total cell lysate for IFI16 and actin.
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the NLRP3 inflammasome has been shown to be inactivated by
clusters of actin that “trap” caspase-1 (63) and that HSV-1 infec-
tion causes cytoskeletal reorganization, including relocalization of
actin into similar clusters (64, 65). To determine if caspase-1 is
trapped by actin clusters during HSV-1 infection, mock-infected
or HSV-1-infected HFF cells were examined by immunofluores-
cence for caspase-1 and actin, using Alexa Fluor-conjugated phal-
loidin. Cells were scored for the number of colocalized caspase-1/
actin puncta per cell. In mock-infected cells, there were no actin
clusters and little or no colocalization of actin and caspase-1 (Fig.
10A, frames a to d). In contrast, at 4 h p.i., actin started to form
clusters (Fig. 10A, frames f to h), some of which colocalized with
caspase-1 puncta (Fig. 10A, frames e to h, red arrows, and B). By 8
h p.i., association of caspase-1 puncta with actin clusters was in-
creased to approximately three colocalized puncta per cell (Fig.
10A, frames i to l, red arrows, and B) though there were some actin
clusters that did not appear to contain caspase-1 (Fig. 10A, frames
i to l, white arrows).

To determine if NLRP3 is also localized to actin clusters, we
mock infected or infected HFF cells with HSV-1 and stained for
NLRP3 and actin. In mock-infected cells, NLRP3 levels were very
low, and there was little to no colocalization of NLRP3 and actin
(Fig. 10C, frames a to d). At 4 h p.i., actin clusters had started to
form (Fig. 10B, frames f to h, white arrows), but there was no
colocalization of these clusters with NLRP3 puncta (Fig. 10C, g
and h, yellow arrows). By 8 h p.i., though the NLRP3 puncta in-
creased, there was minimal colocalization with actin clusters, as
shown in Fig. 10B, frames i to l, where white arrows indicate actin
alone, yellow arrows indicate NLRP3 alone, and red arrows indi-
cate colocalized actin and NLRP3. These data suggested that
caspase-1, but not NLRP3, is trapped by actin clusters in HSV-1-
infected cells.

IFI16 degradation is not induced by infection with KSHV.
IFI16 was not degraded in endothelial cells infected with KSHV
(25). However, there may be cell type differences that lead to the
specific degradation of IFI16 by herpesviruses in fibroblasts and

not endothelial cells. To determine if KSHV induces IFI16 degra-
dation in HFF cells, we tested the stability of IFI16 in HFF cells
infected with KSHV. HFF cells were mock infected or infected
with KSHV for 2, 8, or 24 h and subjected to Western blotting for
IFI16. As in endothelial cells, KSHV also induced the interaction
of ASC and IFI16 as early as 2 h p.i. and for the duration of the 24-h
infection tested (Fig. 11, top panel, lanes 2 to 4). In contrast to
HSV-1 infection, KSHV infection did not cause a decrease in the
IFI16 level through the course of a 24-h infection (Fig. 11, WCL
IFI16, lanes 1 to 4). However, KSHV infection did result in in-
creased ASC and procaspase-1 expression and increased caspase-1
maturation (Fig. 11, respective WCL panels, lanes 1 to 4). These

FIG 9 HSV-1 immediate-early protein ICP0 colocalizes with IFI16. HFF cells
were mock infected or infected with HSV-1 (1 PFU/cell) for the indicated time
periods. Immunofluorescence analysis was done with antibodies to ICP0 and
IFI16, and arrows indicate colocalization between IFI16 (red) and ICP0
(green). Cell nuclei were visualized by DAPI staining (blue). Magnification,
�40.

FIG 10 HSV-1 infection induces caspase-1 association with actin clusters. (A
and C) HFF cells were mock infected or infected with HSV-1 (1 PFU/cell) for
the indicated times. Immunofluorescence analysis was done with antibody to
caspase-1 (A) or NLRP3 (C). Actin was visualized using Alexa Fluor-conju-
gated phalloidin. Red arrows indicate colocalization between caspase-1 or
NLRP3 and actin, white arrows indicate actin clusters devoid of caspase-1 or
NLRP3, and yellow arrows indicate caspase-1 or NLRP3, as indicated. Cell
nuclei were visualized by DAPI staining (blue). Magnification, �40. (B).
Caspase-1 and actin puncta were counted in 50 to 60 cells of four fields/con-
dition and analyzed using a Student t test. ns, nonsignificant.
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results are consistent with the previous studies showing IFI16 sta-
bility and activation of the IFI16 inflammasome in endothelial
cells during primary KSHV infection resulting in latency (25) and
with the lack of a KSHV homolog for ICP0. Together, these results
indicate that IFI16 degradation is specific to HSV-1 infection and
not the cell type infected.

DISCUSSION

The inflammasome sensor molecules NLRP3, AIM2, and IFI16
have been implicated in inflammasome activation following virus
infection (5–7, 9, 10, 25). Once stimulated, these sensor molecules
associate with the adaptor protein, ASC, and the effector protein,
procaspase-1, to activate IL-1�, IL-33, and IL-18 by proteolytic
cleavage. These cytokines cause signaling cascades that result in
the expression of tumor necrosis factor alpha (TNF-�), IFN-�,
and other cytokines, which recruit lymphocytes and act as a vital
bridge between the innate and adaptive immune responses to con-
trol the invading pathogens (3, 4).

Our studies here show that HSV-1 infection induces the in-
flammasome early during infection of HFF cells, characterized by
the transient association of IFI16 and NLRP3, but not AIM2, with
ASC in the cytoplasm of HSV-1-infected cells. IFI16 colocaliza-
tion with the HSV-1 genome at early times postinfection suggests
that recognition of the viral DNA drives IFI16 inflammasome as-
sembly. Consistent with a previous report (34), HSV-1 infection
of HFF cells induces the proteasomal degradation of IFI16 in an
ICP0-dependent manner. Our studies also for the first time dem-
onstrate the trapping of caspase-1 by actin clusters in HSV-1-
infected cells, probably to block the NLRP3/IFI16 inflammasomes
and the inhibition of IL-1� secretion. All of these collectively sug-
gest that HSV-1 has evolved ways to effectively limit the antiviral
and proinflammatory consequences of inflammasome activation
though in vivo studies would be necessary to confirm this in host
organisms. Additional studies would also be necessary to address
the HSV-1-induced secretion of proinflammatory cytokines from
sources other than the inflammasome. Because immunopathol-
ogy of HSV-1 in host organisms is well documented (31), there

must be other proinflammatory molecules. One possible stimulus
for proinflammatory cytokines and recruitment of lymphocytes
may be HSV-1-induced cell death.

We propose a model (Fig. 12) whereby HSV-1 enters the cell
and the nucleocapsid travels along microtubules to the nucleus
(66), during which time the viral genome is protected from rec-
ognition by AIM2 by the capsid proteins. Once in the nucleus, the
HSV-1 genome circularizes and is recognized by IFI16, which exits
the nucleus and assembles with ASC and procaspase-1 to form an
inflammasome complex, causing the cleavage and activation of
caspase-1 and IL-1�, concurrent with the cascade expression of
HSV-1 immediate-early, early, and late genes. The IFI16-ASC in-
flammasome and NLRP3-ASC inflammasome (possibly gener-
ated by HSV-1-induced ROS or the degradation of IFI16) induce
IL-1� cleavage, leading to association of mature IL-1� with
Rab27a secretory vesicles. HSV-1-encoded ICP0 causes the degra-
dation of IFI16. Rab27a is relocalized to the trans-Golgi network
by an unknown HSV-1-encoded mechanism, leaving IL-1� in
vesicles in the cytoplasm. Finally, actin clusters, formed by an
unknown HSV-1-encoded mechanism, trap caspase-1 and sup-
press NLRP3 inflammasome activity.

Characteristics of HSV-1-induced inflammasomes during
primary infection. Our studies show that IFI16, but not AIM2, is
a sensor of viral DNA that induces the assembly of inflammasome
complexes in response to HSV-1 infection. One explanation for
this is that HSV-1 DNA is released in the nucleus during a pro-
ductive lytic infection, where it is accessible to IFI16 but not AIM2.
In the cytoplasm, HSV-1 DNA is protected from AIM2 recogni-
tion by the viral capsid. Another possible explanation is the inhi-
bition of AIM2 inflammasome activation by increased IFI16 levels
(67). Though the expression of IFI16 and NLRP3 is stimulated by
HSV-1 infection at early time points, HSV-1 selectively degrades
IFI16 at later time points (Fig. 2).

IFI16 has long been known to bind DNA. Recently, reports
have shown that IFI16 preferentially binds to cruciform or super-
helical DNA (54), and a crystal structure of IFI16 bound to DNA
showed that IFI16 recognizes the sugar-phosphate backbone in a
non-sequence-specific manner (24). Because the IFI16 inflam-
masome is not constitutively active in uninfected cells but is acti-
vated after infection with HSV-1 (Fig. 1), this indicates that IFI16
recognizes the viral genome as distinct from cellular DNA. IFI16 is
a known component of the DNA damage response (68) and may
recognize the viral genome as “damaged” DNA. Additionally, the
HSV-1 genome is known to circularize once it enters the host cell
nuclei (69). It is possible that, during the process of circulariza-
tion, there is a structure that resembles cruciform or superhelical
DNA, which is recognized by IFI16. HSV-1 chromatin is less
densely packed than host cell DNA (70), which could make the
viral DNA more accessible to IFI16 recognition than host cell
DNA. Other IFI16 binding partners involved in transcriptional
repression, such as p53 (71, 72), may also cause changes in the
conformation of IFI16 (23), rendering it unavailable to assemble
in inflammasome complexes. The different topology of HSV-1
DNA may release structural constraints on IFI16, making it acces-
sible to bind ASC. Additional extensive studies beyond the scope
of the present study are required to further examine the interac-
tions of IFI16 with host and viral DNA and to determine if there is
a direct interaction of IFI16 with the HSV-1 genome or if the
interaction occurs through other proteins known to interact with

FIG 11 KSHV infection results in activation of the IFI16 inflammasome but
not in IFI16 degradation. HFF cells were mock infected or infected with KSHV
(30 copies/cell), as indicated. Proteins from lysates were immunoprecipitated
with antibodies against ASC and subjected to Western blot analysis with IFI16
antibody (top panel). Total cell lysates were analyzed by Western blotting for
IFI16, procaspase-1, caspase-1, ASC, and tubulin, as indicated.
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IFI16 and HSV-1 DNA, such as p53 (21), BRCA1 (73), or proteins
in ND10 domains (74).

Recently, a study reported that recombinant varicella-zoster
virus (VZV) infection induced inflammasome activation through
NLRP3, resulting in the secretion of biologically active IL-1� (75).
In this study, however, infected fibroblasts were cocultured with
naïve fibroblasts to determine inflammasome activation. This in-
fection system results in VZV infection likely mediated by fusion
between infected and uninfected cells (76) rather than a primary
infection. Therefore, NLRP3 inflammasome activation in this sys-
tem could be due to a number of off-target effects caused by trans-
fer of cell contents, induction of cation influx, or ROS generation
rather than by infection itself.

Consistent with the accepted two-step model for NLRP3 in-
flammasome activation (1), total NLRP3 levels increased at 4 and
8 h p.i. (Fig. 2), possibly due to signaling through Toll-like recep-
tor (TLR) and NF-�B activation (77). Though it is likely that the
activation of the IFI16 inflammasome is due to recognition of the

HSV-1 genome by IFI16 in the nucleus, the mechanism of activa-
tion of the NLRP3 inflammasome is more elusive. The HSV-1-
induced generation of ROS (51) and the degradation of IFI16 (67)
during infection may both induce NLRP3 inflammasome activa-
tion. Further investigation would need to be done to address the
mechanism of activation of the NLRP3 inflammasome by HSV-1.

After HSV-1 infection the association of NLRP3 with ASC was
limited to 4 h p.i. (Fig. 2). Our immunofluorescence assays suggest
that some NLRP3 and ASC associate with each other at later times
p.i. (Fig. 4); however, the amount of colocalized NLRP3 and
ASC was significantly decreased compared with the total levels
of either protein and with the degree of colocalization at 4 h p.i.
This suggests that although there may be some interaction be-
tween NLRP3 and ASC at later times p.i., the proportion of the
proteins in inflammasome complexes decreases as infection
progresses and may be beneath the threshold of detection for
our coimmunoprecipitation assays at later times p.i. Alterna-
tively, this may indicate an indirect interaction of ASC and

FIG 12 Schematic steps of HSV-1 infection-induced activation and subsequent deactivation of the IFI16 and NLRP3 inflammasomes during primary in vitro
infection of human fibroblast cells. (Step 1) HSV-1 enters the cell, generating ROS, and the nucleocapsid travels along microtubules to the nucleus. Its genome
is protected from recognition by AIM2 by the nucleocapsid. (Step 2) Once in the nucleus, the HSV-1 genome circularizes and is recognized by IFI16. (Step 3)
IFI16 exits the nucleus and assembles with ASC and procaspase-1 to form an inflammasome complex, which causes the cleavage and activation of caspase-1 and
IL-1�. (Step 4) HSV-1-encoded ICP0 causes the degradation of IFI16. (Step 5) ROS and/or the degradation of IFI16 or other host/HSV-1 factors activates the
NLRP3 inflammasome, which activates IL-1� activation. (Step 6) IL-1� associates with Rab27a secretory vesicles. (Step 7) Rab27a is relocalized to the trans-Golgi
network by an unknown HSV-1-encoded mechanism, leaving IL-1� in vesicles in the cytoplasm. (Step 8) Actin clusters formed by an unknown HSV-1-encoded
mechanism trap caspase-1 and suppress NLRP3 inflammasome activity. Green arrows indicate HSV-1-encoded activities. Green T-bar indicates suppression.
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NLRP3, which may be interrupted by the stringency of our
immunoprecipitation at later times.

Further studies need to be done to address the relative contri-
butions of IFI16 and NLRP3 to HSV-1-induced caspase-1 and
IL-1� maturation and to address whether or not the inflam-
masome is activated during latent HSV-1 infection.

HSV-1-mediated inflammasome suppression: IFI16 degra-
dation. Orzalli et al. (34) showed the degradation of IFI16 follow-
ing HSV-1 infection in an ICP0-dependent manner and did not
observe any cytoplasmic IFI16 after 4 h of infection. However,
experiments with fractionated cells infected with wt HSV-1 were
not carried out. Though we showed by immunofluorescence that
IFI16 exited the nucleus of cells infected with d106 and d109 as
well as wt HSV-1, translocation appeared to a lesser extent after
infection with the mutant viruses than after infection with wt
HSV-1, which may account for the discrepancy. In addition, Or-
zalli et al. (34) used a significantly higher MOI of 10 to 50 PFU/cell
than the 1 PFU/cell in our studies, which could likely lead to some
differences in the kinetics of IFI16 translocation and not detecting
cytoplasmic IFI16 at their chosen time points. The capacity of
IFI16 to localize to the cytoplasm has been demonstrated previ-
ously (25, 26, 52). The multiple antiviral roles of IFI16, such as the
activation of IFN-� production (34, 39), inflammasome activa-
tion, and viral gene suppression (41), could be the potential rea-
sons that HSV-1 has evolved to target IFI16 rather than other
proteins such as ASC, AIM2, and NLRP3.

Addition of MG132 during infection with HSV-1 caused sta-
bilization of IFI16. Though optimal transcription of ICP0 has
been reported to depend on NF-�B activation, which is also de-
pendent on proteasome activity (62), we detected high levels of
ICP0 at late times p.i. in the presence of proteasome inhibitor (Fig.
8). This may be due to the predominantly nuclear localization of
ICP0 during MG132 treatment (78), driving its transcription fac-
tor activity, and to a positive feedback loop of ICP0 expression
(79). Because the proteasome has also been implicated in HSV-1
entry (61), we began the treatment with MG132 after exposure of
the cells to HSV-1 and used a relatively low concentration of the
drug to limit the effects of proteasome inhibition. We show that a
large number of viral proteins, though not all, are expressed in the
presence of proteasome inhibition. Decreased viral protein pro-
duction in the presence of MG132 could be due to an important
proteasome-dependent step later in viral replication. The protea-
somal degradation of stalled RNA polymerase II has been shown
to be important for efficient viral gene expression and replication
compartment formation (80). HIN200 proteins are known to be
modulators of transcription (18, 19), and hence the stabilization
of IFI16 may affect the transcription of both cellular and viral
genes. Though it is interesting to speculate about the effects of
MG132-induced IFI16 stabilization on virus replication and in-
flammasome activation, the many potential effects of proteasome
inhibition on the HSV-1 life cycle and on the cellular response to
infection make it difficult to assess the effects of IFI16 stabilization
in this system. Further studies are needed to determine the
class(es) of viral protein affected by proteasome inhibition and to
address the effects of IFI16 stabilization on inflammasome activa-
tion in the absence of chemical inhibitors.

We noted that ICP0 and IFI16 colocalized in punctate spots in
the nuclei and cytoplasm of HSV-1-infected cells (Fig. 9). Colo-
calization of IFI16 and ICP0 was more distinct in the cytoplasm
than in the nucleus, which may be due to the faster kinetics of

IFI16 in the nucleus or to larger IFI16 aggregates in the cytoplasm.
Though IFI16 and ICP0 colocalized in infected cells, they did not
coimmunoprecipitate, which indicated that the interaction is
transient or indirect. RING-finger E3 ubiquitin ligases, such as
ICP0, have been known to bind transiently to their substrates; the
E2 ubiquitin-conjugating enzymes are reported to act as scaffolds
that mediate ubiquitination of the substrate (reviewed in refer-
ence 81), and some RING fingers can allosterically activate E2s
with no substrate interaction (82). One of these ubiquitination
mechanisms may be at play here.

Recently, IFI16 was shown to be a restriction factor for human
cytomegalovirus (CMV), HSV-1, and HSV-2 infection (41). This
study showed that IFI16 directly inhibited the expression of early
and late CMV genes by repressing transcription of viral promoters
containing Sp1 sites. The restriction of IFI16 on HSV-1 could be
due to a similar mechanism, to the induction of interferon tran-
scription through the IFI16-STING signaling pathway (34, 52), to
activation of the inflammasome, or, very likely, to a combination
of the three. Here, we show that the induction of inflammasome
activation is transient and that the degradation of IFI16 provides a
potential strategy by which the virus evades inflammasome-in-
duced restriction. IFI16 is not degraded during infection with
CMV or KSHV (25, 41, 83), suggesting that HSV-1, specifically,
has evolved this particular detection evasion strategy during lytic
infection.

HSV-1-mediated inflammasome suppression: NLRP3 in-
flammasome suppression. In addition to IFI16 degradation,
HSV-1 has probably evolved to prevent IL-1� cleavage by seques-
tration of inflammasome components from each other, as sug-
gested by the dissociation of NLRP3 and ASC at later times p.i.
(Fig. 2) and the punctate, ASC-free NLRP3 spots observed at later
times p.i. (Fig. 4). Activation of the NLRP3 inflammasome was
recently shown to be suppressed by association with clustered ac-
tin filaments in macrophages (63). HSV-1 infection induces dra-
matic actin rearrangement (64, 65). Colocalization of caspase-1
with actin clusters and the absence of NLRP3 in these clusters (Fig.
10) suggest an overall disassembly of the NLRP3 inflammasome at
later times p.i. and indicate that a similar actin cluster trapping
mechanism may be employed by HSV-1 to shutoff the NLRP3
inflammasome. Recently, the alphaherpesvirus US3 kinase has
been implicated in actin relocalization after infection (84).
Though this was shown for pseudorabiesvirus and not HSV-1, the
proteins from the two viruses share 77% sequence homology, and
this may be the mechanism by which HSV-1 induces actin rear-
rangement and NLRP3 inflammasome inactivation.

Inhibition of IL-1� secretion. HSV-1 has evolved numerous
layers of immune evasion strategies; it has been shown to inhibit
interferon expression, signaling, and effects (32, 35, 37, 85). Our
studies suggest that the secretion of mature IL-1� is also inhibited
by HSV-1 infection (Fig. 1). Though IL-1� levels increased in
response to infection, both in immunofluorescence assays and
Western blot analysis (Fig. 1), IL-1� appeared as punctate cyto-
plasmic spots and was not secreted to detectable levels, consistent
with previous reports in macrophages showing no IL-1� secretion
during HSV-1 infection (86, 87). However, these studies did not
address the cytoplasmic accumulation of IL-1� after HSV-1 infec-
tion.

Previous studies suggest that the Rab GTPases are necessary for
HSV-1 assembly and egress (88–90). Our data show that IL-1�
transiently associates with Rab27a-containing vesicles and then
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remains in the cytoplasm in punctate spots while Rab27a is relo-
calized to a perinuclear region (Fig. 1). Therefore, HSV-1 may be
recruiting Rab GTPases from cellular functions to play roles in
viral assembly, consistent with the model set forth by Bello-Mo-
rales et al. (90) of the recruitment of Rab GTPases to the endoplas-
mic reticulum (ER) and Golgi compartment, where they colocal-
ize with HSV-1 viral glycoproteins, gD and gH, though the
mechanism of recruitment is unclear.

The HSV-1-induced generation and cytoplasmic accumula-
tion of mature IL-1� and lack of its secretion suggest that HSV-1
has evolved a mechanism to inhibit IL-1� secretion. Inhibition of
the secretion of mature, biologically available IL-1� may be a viral
strategy to subvert the proinflammatory and proapoptotic effects
of IL-1� signaling. Taken together, these data suggest that HSV-1
infection causes the maturation of IL-1� but prevents its biologi-
cal activity. Though the secretion of other inflammasome-acti-
vated proinflammatory cytokines cannot be ruled out by the
IL-1� experiments, it is unlikely that their activation would be
prolonged due to the dissociation of the inflammasome com-
plexes.

Our studies clearly demonstrate that though the host cell re-
sponds to HSV-1 infection by activation of the IFI16 and NLRP3
inflammasomes early during infection, HSV-1 has evolved multi-
ple strategies to block these responses to evade the proinflamma-
tory consequences and facilitate replication. These studies form a
framework to further explore the ways to overcome the capacity of
HSV-1 to replicate and spread to neighboring cells.
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